Background/Aims: Diabetic fracture have poor treatment and serious complications. Therefore, how to treat diabetic fracture is receiving increasing attention. This study aimed to investigate the effects of transplanting CXCL13-stimulated bone marrow stromal cells (BMSCs) on the fracture healing in diabetic rats. Methods: In vitro, RT-PCR was employed to examine the expression of CXCL13 in BMSCs in high glucose environment. MTT assay and apoptosis assay were utilized to determine the effects of CXCL13 overexpression on the proliferation and apoptosis of BMSCs respectively. ALP staining was applied to detect the ALP activity. In vivo, CXCL13-stimulated BMSCs were transplanted into the fracture sites of diabetic rats. At the 1 st week, 2 nd weeks, 4 th week and 6 th week after the operation, bone mineral density (BMD) and callus area measurement, ELISA detection, and HE staining were performed to evaluate the fracture healing. Results: Low BMD and less area of callus in diabetic rats showed that the recovery after fracture was worse in diabetic rats than in non-diabetic rats. Meanwhile, the expression of CXCL13 in serum was lower in diabetic rats than in non-diabetic rats. Overexpression of CXCL13 promoted the proliferation of BMSCs in vitro high glucose environment. After BMSCs transfected with CXCL13 being transplanted into the fracture sites of diabetic rats, it was found that the fracture healing was enhanced and ALP expression in serum became higher. HE staining results further verified the effects of transplantation of BMSCs transfected with CXCL13 on fracture healing in diabetic rats. Conclusion: These finding indicated that CXCL13 may play a critical role in the process of fracture healing, which could provide a deeper insight into molecular targets for the fracture healing in diabetic people.
Introduction
Diabetes mellitus (DM) is a widespread disease that characterized by hyperglycemia. More than 300, 000, 000 people are suffering from DM and the number of DM patients is still on the rise [1] . Until 2030, it is estimated that about 439, 000, 000 people may be affected by DM worldwide [2] . The complications of DM are various, including kidney failure, diabetic ketoacidosis, cardiovascular disease, foot ulcers, and tissue and organ damage [1] . Among them, chronic inflammation is generally regarded as the critical one [3] . Several studies have reported that the reduced bone formation, osteopenia and osteoporosis often occurred in diabetic patients, which induced the impaired fracture healing in diabetic patients [2, 4, 5] . Many stressful diabetic patients were reported to suffer rising blood glucose, ketoacidosis and electrolyte disturbance after the fracture [6] . Furthermore, delayed healing, nonunion, nerve palsy and muscle atrophy were also the adverse consequences occurred in diabetic patients with fracture [7] [8] [9] . The life quality and economy of the patients were also affected by the incision infection, osteomyelitis and other serious consequences caused by the delayed fracture healing [10] . With the development of cell biology and molecular biology, the role of cytokines that affected bone metabolism during the fracture healing in diabetic patients has been paid more and more attention [11, 12] .
Fracture healing is a regenerative process, including coordinated activity of inflammatory cells, chemokines, chondrocytes, osteoblasts and other cell types [3, 13] . Increasing studies have focused on the process of fracture. W Zhou et al. ' s study suggested that endogenous PTH enhanced BMPR2 expression and then accelerated the process of fracture healing [14] . Some other researchers unveiled that macrophages and osteoblastic cell played a functional role in the fracture healing [15, 16] . Here, we focused on the bone marrow stromal cells (BMSCs) treatment. The BMSCs, also called bone mesenchymal stem cells (BMSCs), are stem cells with capacities of multi-differentiation and were widely applied to organ repair and cell therapy [17, 18] . It has been reported that BMSCs can differentiate to osteoblasts, chondrocytes osteoblasts and adipocytes [3, 18] . Therefore, BMSCs play important roles in the tissue regeneration, and the application of BMSCs for the tendon-bone healing and fracture healing is quite promising [18, 19] . Being induced to the injured sites, BMSCs can reduce the inflammation and promote the angiogenesis [3] .
The function of these small cytokine-like proteins was reported to be related to their seven transmembrane-domain glycoprotein receptors which are coupled to the G protein coupled receptor [20] . As a member of the chemokines, CXC chemokine ligand-13 (CXCL13) and its receptors were invloved in the process of BMSCs migration. For example, CXCL13 together with chemokine receptor-5 (CXCR5) regulated the B-cell chemotaxis and the recruitment of BMSCs during the fracture healing [18, 21, 22] . Further studies indicated that the inflammatory cytokine IL-6 can induced the expression of CXCL13 in osteoblast, which implied the possible important role of CXCL13 during the fracture healing [18] .
While the role of CXCL13 and BMSCs in promoting fracture healing has been extensively researched, their functions in DM fracture healing are much less known. A prior research of KI Ko et al. suggested that the diabetes-enhanced Tumor-Necrosis-Factor-alpha (TNF-α) reduces BMSCs during fracture healing [3] . Another study conducted by Granero-Molto et al. showed that transplantation of BMSCs improved the fracture mechanical strength and increased new bone content [23] . The purpose of this study is to determine the role of CXCL13 in fracture healing by analyzing BMSC transfected with CXCL13 in vitro as well as to explore the effects of transplantation of BMSCs transfected with CXCL13 in DM and non-DM femur fracture model. 
Materials and Methods

Animals
Ninety outbred male Wistar rats (clean grade, age: 7-8 weeks, weight: 210-230g) were provided by the Jinling Hospital, Nanjing, China. All rats were allowed to acclimatize to a condition with room temperature 18°C-20°C and relative humidity 40%-60%. The experiments were performed one week after the feeding. Our research had been approved by the Jinling Hospital as well.
DM fracture model 72 rats were divided into three groups at random with 24 rats in each group. One is the non-DM group and the other two are the diabetic groups (24 rats in the DM group and 24 rats in the BMSC treatment group). The rat DM model induced by streptozotocin (STZ, Sigma-Aldrich, St. Louis, MO, USA) was performed as previously described [3] . In brief, all rats in the diabetic group were intraperitoneally injected with STZ as 40 mg per body mass and fed with ordinary fodder for 7 days. Caudal vein blood was collected to detect the blood glucose. The rats were considered to be diabetic if blood glucose>16.7 mmol/L. After the establishment of diabetic rat model, all rats were subjected to general anesthesia so as to establish a fracture model. The incision was aseptically made on the left leg and the superior segments of tibia were then exposed. The tibia was sawed off 1-2 cm below the tibia plateau. After a 10-min iodine immersion, the incision was sutured and fixed with a splint, and the rats were fed separately.
Bone mineral density (BMD) and maximum cross-sectional area of callus
At the 1 st , 2 nd , 4 th and 6 th weeks after the operation, 6 rats were picked from each group randomly and then executed. BMD changes of the 2.0 mm×1.5 mm rectangular region centered on the fracture were detected through a dual-energy X-ray absorptiometry (Lunar DPX-NT, General Electric Company, New York, USA) by using fast scanning mode. Then we removed the soft tissue around the fracture completely, measured the maximum diameter of the callus, and calculated the maximum cross-sectional area.
Serum and tissue samples
For serum samples, 2 mL portal venous blood was collected and centrifuged at 3000 rpm for 15 min. The supernatant was transferred into Eppendorf tube and then stored at -20°C until ready for use. For histological detection, bone tissues close to the center of fracture site were washed with phosphate buffer saline (PBS) and placed in 10% neutral formalin. Having been fixed at room temperature for 24h, the tissue samples were decalcified in 15% EDTA-2Na solution, dehydrated in gradient ethanol and then embedded in paraffin. Ultimately, the tissues samples were sectioned for histological detection.
BMSC isolation and culture
Femur was obtained from Wistar rats for primary culture of BMSCs. Briefly, all rats were sacrificed and 3 mL marrows were extracted by using injection syringe containing 2 mL heparin anticoagulation. BMSCs were prepared after a 1000-rpm centrifugation for 30 min and then cultured in DMEM medium containing 10% fetal bovine serum (FBS) at 37°C.
BMSCs identification
BMSCs were harvested and plated into 24-well plates at a density of 1×10 5 cells/mL. After the overnight incubation, the cells were fixed in 4% paraformaldehyde (Beyotime, Shanghai, China), blocked with confining liquid and washed with PBS. The phycoerythrin (PE)-conjugated primary antibodies against CD34, CD29 and CD73 (cloud-clone, Wuhan, China) were added to cells. Then the BMSCs were detected by using a flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Isotype control antibodies were used as the negative control.
In vitro experiments
The in vitro experiments were carried out in three groups: the normal group, the high-glucose (HG) group and the HG+CXCL13 group. In normal group, the BMSCs were seeded in normal culture (glucose concentration: 6.5 mmol/L). In HG and HG+CXCL13 groups, BMSCs were cultured in the DMEM medium with a glucose concentration 30 mmol/L. All BMSCs in different groups were cultivated in a humidified incubator Cellular Physiology and Biochemistry
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at 37°C BMSCs in HG+CXCL13 group were transfected with CXCL13. Briefly, the CXCL13 were cloned into the pAD/CMV/ V5-DEST vectors (Invitrogen, CarIsbad, CA, USA) according to the manufacturer's instructions. The prepared CXCL13-overexpression vector and liposome2000 (Invitrogen) were then dissolved in DMEM medium. After 30-minute standing, the solution was added into BMSCs to establish the CXCL13-overpression BMSCs.
The apoptosis assay was performed by using a PI Annexin V Apoptosis Detecting Kit (BD, Franklin Lakes, NJ, USA) following the manufacturer's instructions at the 10 th day after the transfection. Then the FACS Calibur (BD) was applied to detect the cell apoptosis and the experimental data were analyzed by FACS Diva (BD).
ALP staining
ALP staining was conducted on the cell populations treated and cultured for 10 days. The medium was removed, and the cells were incubated at room temperature on a shaker with ALP staining solution for 30 min after fixed with 4% paraformaldehyde. Afterwards, the ALP staining solution was discarded, and cells were covered with coverslip. The cell slides were observed under a light microscopy at a magnification of 100×.
Real-time PCR (RT-PCR)
In accordance with the instructions, we extracted total RNA by uisng Trizol reagent (Invitrogen, USA). The concentration of total RNA was analyzed with the spectrophotometer (Beckham, USA). Revert AidFirst Strand cDNA Synthesis Kit (Fermentas, USA) was used to reversely transcribe RNA into complementary DNA (cDNA). The expressions of CXCL13 and β-actin were examined by RT-PCR, and the primers were shown in Table 1 . MRNA expression was quantified by using the 2 -Δt method with β-actin as an endogenous control.
Western blot
The proteins extracted from BMSCs were quantified by Bradford method. Then these protein samples were separated by Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE). After blocking the Polyvinylidene Fluoride (PVDF) membranes in 5% skim milk (resolved in TBYS buffer) for 2h, primary antibodies for CXCL13 (ab112521, 1:100, Abcam, Cambridge, MA, USA), β-actin (ab8226, 1:2500, Abcam) and secondary antibodies (ab6721, 1:2000, Abcam) were incubated with the membranes at 4°C overnight and 37°C 1h respectively. The membranes were detected by means of the chemiluminescence and Lab Works 4.5 image acquisition and analysis system. β-actin was considered as an internal control here.
ELISA
Quantitative analysis of ALP and CXCL13 concentration was respectively conducted by using ALP (alkaline phosphatase) ELISA kit (GRDS13-355, Shanghai Guang Rui Biological Technology Co., Ltd, Shanghai, China) and CXCL13 ELISA kit (PRCU6435, Prajna Research, Beijing, China) following the manufacturer's instructions. Briefly, a 25 μL prepared serum sample was mixed with a 25 μL freshly prepared paranitrophenyl phosphate and incubated at 37°C for 30 min. 100 μL 0.2 mol/L NaOH was added to terminate the enzymatic reaction. The absorbance was determined by means of an enzyme-linked immunosorbent assay reader (Multiskan MK3, Thermo Fisher Scientific, Waltham, MA, USA) at optical density (OD) 405 nm (for ALP) and 450 nm (for CXCL13).
MTT assays
BMSCs were inoculated in a 96-well plate at a density of 1×10 4 per well. At the 1 st , 3 rd , 5 th , 7 th and 10 th day after cell culture, BMSCs were supplemented with the MTT solution (10 μL, Sigma-Aldrich, St. Louis, MO, USA) and incubated for 4h to detect the cell proliferation. 150 μL DMSO (Sigma) was then added to dissolve the crystal substance. The absorbance was measured at 490 nm by using the enzyme-linked immunosorbent assay reader. The growth curve was plotted with the incubation time as the abscissa and OD value as the ordinate.
Hematoxylin and eosin (HE) staining
Prepared specimen was dewaxed with xylene and then dehydrated by using the gradient ethanol. Subsequently, the tissue sections were stained in hematoxylin solution for 10 min. Having been washed with water for 1h, the tissue sections were dehydrated with 70% and 90% alcohol for 10 min respectively and stained in eosin solution for 3 min. The dehydrated sections were observed under a light microscopy at a magnification of 200×.
In vivo experiments
In vivo experiments were divided into three groups as follows: the non-DM group, the DM group and the treatment group. DM fracture model used for the BMSCs treatment was established in accordance with the above methods. Having been transfected with lentivirus of overexpression of CXCL13, BMSCs were washed wish PBS and adjusted to the concentration of 2×10 6 /mL. 0.4 mL BMSCs were injected into the fracture sites 3 days after the fracture model building. Similarly, BMD and the maximum cross-sectional area were measured at the 1 st , 2 nd , 4 th , 6 th week after establishing the treatment group. Fracture healing was observed through HE staining and expression of CXCL13 in the serum was measured by RT-PCR.
Statistical analysis
GraphPad Prism 7.0 software (GraphPad Software, USA) was used for statistical analysis and data was expressed as mean ± standard deviation. Data were compared by unpaired t-test (differences between two groups) or oneway ANOVA analysis (differences among groups). P<0.05 was considered to be statistically significant. At the 1  st , 2 nd , 4 th , 6 th week after the fracture, we detected the changes of BMD and maximum cross-sectional area of callus in each group. As shown in Fig. 1A and Fig.  1B , no significant difference was found between two groups at the first two weeks (P>0.05). With increasing time, the difference became more conspicuous. The BMD was lower and the maximum cross-sectional area was larger in DM group than in non-DM group at the 4 th and 6 th week after the fracture (P<0.05). HE staining results also showed the poor healing after the fracture in DM rats. One week after the operation, we can clearly detect cell infiltration, chondrocytes, granulation tissue and angiogenesis in non-DM group. While in the DM group, there were mainly red blood cells, inflammatory Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry cells and fibroblasts ( Fig. 1D and Fig. 1E ). At the second week, in the non-DM group, the localized mature cartilage cells were deformed and the osteoblasts were arranged on the surface of bone matrix. Inflammatory cells were still visible in DM group, and trabecular bone and woven bone were sparser as well. Four weeks after the fracture, woven callus was found to fuse with each other and the marrow cavity was found larger in non-DM group. In DM group, the new cartilage bone was small and thin, though the cartilage callus area and bone mass increased. At the sixth week, the trabecular bone began to differentiate into lamellar bone in non-DM group. While in DM group, cartilage callus was gradually replaced by new bone trabeculae and there still existed some fibrous callus.
Results
Fracture healing in DM rats
Effects of CXCL13 in vitro experiments
CXCL13 protein expression in non-DM group and DM group were detected using the CXCL13 ELISA kit. In Fig. 1C , CXCL13 expression was found lower in DM group than in non-DM group at various times (1 week, 2 weeks, 4 weeks and 6 weeks, P<0.05). Thus, in vitro experiments were performed to detect the effects of CXCL13 on BMSCs. Firstly, BMSCs were respectively collected from the femur of rats in non-DM group, the result of flow cytometry analysis showed that BMSCs were CD29 and CD73 positive (100% respectively) and negative for CD34 (13.4% respectively) ( Fig. 2A) . Similarly, the mRNA expression and protein expression of CXCL13 decreased in the high glucose environment (compared with the normal environment, Fig. 2B-C, P>0.05 ). As shown in Fig. 2D -E, BMSCs showed and callus area (B) of different times in treatment group were measured by X-ray absorptiometry, then they were compared with the previous data. **P<0.01, compared with DM group. C: The concentration of CXCL13 of different times in treatment group was measured by ELISA, the CXCL13 expression was higher in non-DM group and treatment group. *P<0.01, compared with DM group. D: HE staining results for bone callus in treatment group at different times (magnification: ×200). E: An ALP ELISA kit was used to detected the ALP expression. ALP was far less in DM group and expression between non-DM group and treatment group was nearly the same. ** P<0.01, compared with DM group, ## P<0.01, compared with non-DM group.
lower proliferation capacity and higher apoptosis rate in the high glucose environment (compared with the normal environment, P<0.05). The transfection with CXCL13 promoted the proliferation of BMSCs and downregulated the apoptosis rate of BMSCs in the high glucose environment through increasing CXCL13 expressions (Fig. 2B-E) . In addition, the histological staining revealed a higher ALP positive rate in BMSCs transfected with CXCL13 in high glucose environment (compared with the normal environment, Fig. 2F-G, P<0.05) . The result demonstrated the differentiation to osteoblasts.
Effects of CXCL13 in vivo experiments
In vivo animal experiments were performed to further clarify the effects of CXCL13 on proliferation of BMSCs and the fracture healing in DM rats. As shown in Fig. 3A , BMD changes between non-DM group and treatment group were not significant (P>0.05). BMD was always lower in the DM group and the difference between DM group and treatment group was significant (P<0.05). We detected the maximum bone cross-sectional area of callus as well (Fig. 3B) . At the first two weeks, the differences were not significant among the three groups. However, at the 4th and 6th week, the maximum cross-sectional area of callus was significantly larger in DM group (P<0.05). The difference between non-DM group and treatment group were not significant (P>0.05). CXCL13 expressions in the serum were confirmed by ELISA (Fig. 3C) . The results showed that CXCL13 expression were higher in the treatment group than in the DM group over time (P<0.05). There were mainly red blood cells and inflammatory cells in the fracture site at the first week. At the second week, mature funicular trabeculae were formed with chondrocytes degenerated and osteoblasts arranged on the surface of bone matrix. At the fourth week, marrow cavity became larger and woven Cellular Physiology and Biochemistry
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callus fused with each other to form bridging callus. At the sixth week, the trabecular bone was change to the lamellar bone and the ossification was gradually completed. The results suggested that transplanting BMSCs transfected with CXCL13 was beneficial to the fracture healing in patients with DM.
ALP detection
The changes of ALP in serum were detected respectively at 1, 2, 4, 6 weeks after the fracture. Over time, ALP decreased in the three groups. ALP activity was significantly lower in DM group than in non-DM group (Fig. 3E, P<0.05 ). In the treatment group, although ALP decreased, the total value was significantly higher than that in the DM group (P<0.05). Difference between non-DM group and treatment was not significant (P>0.05).
Discussion
Recent studies have focused on promoting the fracture healing in diabetic patients, as delayed union or nonunion often occurred in these patients [24, 25] . Our findings suggested that CXCL13 induced the proliferation of BMSCs in the high glucose environment. Furthermore, we observed that CXCL13-stimulated BMSCs promoted the fracture healing of the diabetic rats, which was substantiated by increased BMD, maximum bone cross-sectional area and enhanced activity of ALP.
In the present study, STZ was applied to induce the diabetic fracture model. The results of histological observation also showed that the formation of mature lamellar bone was slower in diabetic group than in the non-DM group, which was in line with previous studies' that bone remodeling can be affected by the diabetes mellitus. One reason for this was the deposition of bone collagen induced by AGEs. Then, osteoblasts can't adhere to collagen and the activities and maturation of osteoclast increased, which resulted in the decrease of BMD and maximum cross-sectional area of callus and may finally become osteoporosis [26, 27] . Our study further confirmed that the bone remodeling was affected by the diabetes mellitus, contributing to the delayed fracture healing.
Bone showed a dramatic ability of regeneration after the injury, and increasing research has found that BMSCs acted as the key factor for the well bone regeneration [28] . As one of the preferred cells for various tissue engineered seed cells, BMSCs exert beneficial influence on the fracture healing [23, 29, 30] . However, diabetes mellitus reduced the BMSCs through various ways. Weinberg et al. reported that diabetes-enhanced advanced glycation end products (AGEs) and the receptor for AGEs (RAGE) inhibited the growth and differentiation of BMSCs [31] . The study of Karnes et al. showed that low expression of TNF-α induced the low expression of BMSCs in diabetic patients [32] . As previously reported, BMSCs are vital to modulate the activity of BMSCs [18, 33] . CXCL13, a member of CXC chemokine family, plays a crucial role in BMSCs [34] . Tian et al. revealed that CXCL13 promotes the effect of MSCs on tendon-bone healing in rats [35] . Another study indicated that CXCL13 induced the proliferation of BMSCs in osteoblasts for bone repair [36] . In our study, we found that BMSCs with a high expression of CXCL13 showed a better proliferation than those with low expression of CXCL13. The in vitro results indicated that CXCL13 promoted the proliferation of BMSCs in high glucose environment, which was consistent with the previous studies.
Then, we injected BMSCs transfected with CXCL13 into the fracture part of diabetic rats for further studies. The expression of CXCL13 in the serum was measured at the 1 st , 2 nd , 4 th and 6 th week after the treatment. We found that CXCL13 was higher in treatment group than in the other two groups. ALP, the alkaline phosphatase, was regarded as the early marker of osteoblast phenotype and differentiation [37, 38] . In this study, the increase rate of ALP was significantly lower in diabetic group than in the other two groups at various time points, suggesting a worse osteoblast differentiation in the diabetic group. After treatment with BMSCs transfected with CXCL13, ALP expression in diabetic group increased. The changes of BMD and maximum cross-sectional area of callus, and the results of histological observation Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry in the treatment group were similar to those in the non-DM group that CXCL13 can also promote the fracture healing in diabetic rats by promoting the BMSCs' proliferation. Since CXCL13 is involved in the mediation of diabetes, there seems to be another mechanism that CXCL13 regulate the healing of fractures indirectly by regulating diabetes. Thus, more studies should be performed to verify this possible mechanism. At present, it is necessary for us to find a practical and effective way to treat the diabetic patients with fracture. It was shown in this study that BMSCs transfected with CXCL13 could be used for improving the fracture healing in diabetic patients, which provided a new method for the clinical treatment. However, the effects of CXCL13 on human patients are not clear, which remains to be determined by further studies.
Conclusion
In summary, this study was the first to show the possible effects of CXCL13 on the proliferation of BMSCs in high glucose environment. We found that diabetes could lead to a reduction in bone mineral density, which seriously affects the fracture healing. In vivo and in vitro experiments showed that CXCL13 promoted the proliferation of BMSCs in high glucose environments, promoting the fracture healing in diabetic rats. Our results might provide a novel insight into the treatment of fracture in diabetic patients.
Abbreviations
BMSCs (bone marrow stromal cells); CXCL13 (chemokine ligand-13); DM (Diabetes mellitus); CXCR5 (chemokine receptor-5); TNF-α (Tumor-Necrosis-Factor-alpha); BMD (Bone mineral density); FBS (fetal bovine serum); HG (high-glucose); RT-PCR (Real-time PCR); SDS-PAGE (Sodium dodecylsulphate polyacrylamide gel electrophoresis); PVDF (Polyvinylidene Fluoride); OD (optical density); HE (Hematoxylin and eosin); ANOVA (Analysis of Variance); AGEs (advanced glycation end products); RAGE (receptor for AGEs).
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
